In this paper, the analysis of ice-shedding from ACSR conductors to its swing up height and vibration using Finite Element Method (FEM) is presented. For the numerical simulations the effective material properties of the ACSR conductor are calculated using the homogenisation method. Numerical analysis concerning vibration of one and triple-bundle conductors with icing for a whole range or on their certain parts are performed. The impact of ice-shedding to the mechanical tension in the conductors at the points of attachment is investigated and evaluated. Identification of the impact of ice-shedding from the ACSR conductors on its mechanical state may contribute to increasing the safety and quality of an electrical transmission system.
INTRODUCTION
In cold regions, atmospheric icing is one of the major external loads threatening the reliability and mechanical security of overhead power lines. Ice-shedding happens when the ice formed on conductors suddenly drops off (under natural conditions, such as temperature rise and wind action or man-made shocks) [1] . This will cause high-amplitude oscillations of the conductors and large transient forces on the insulators and towers [2] . Also this may lead to the flashover if the phase-to-phase or phase-to-tower distance is smaller than the tolerable insulation distance. To evaluate these potential electrical and mechanical problems, the maximum conductor jump heights and tensions need to be determined. Therefore, the transient analysis of ice-shedding is needed.
The ice-shedding is investigated with experimental, numerical and theoretical methods by many authors [3] . Very approximate practical models were suggested as early as the 1940s [4] . With the improvement of computational mechanics, numerical simulation methods (over all the FEM) were used to study ice-shedding from the power lines eg in [5] [6] [7] dynamic responses of transmission lines with different parameters, bundle conductors and five-span line section after ice-shedding is numerically simulated. In [8] , a new theoretical method to calculate the jump height of the overhead power line after ice-shedding is presented.
In this paper, the results of transient analyses of iceshedding from the single and triple-bundle ACSR power lines are presented. The results are calculated using a commercial finite element software ANSYS .
HOMOGENIZATION OF MATERIAL PROPERTIES
It is complicated to model the ACSR conductor with its real construction (eg inhomogeneous material properties), therefore a simplified model is used. The heterogeneous cross-section of several ACSR conductors are shown in Fig. 1 . That is the reason why homogenized material properties have to be calculated [9] [10] [11] .
At our department, the material homogenization methods were derived for functionally graded material (FGM) [10] [11] [12] . These homogenization techniques (with some modifications) can also be used for homogenization of the ACSR conductors. The effective elasticity moduli for axial, shear, flexural and torsional loading are calculated from condition, that the relevant stiffness of the conductor cross-section with real construction (Fig. 2) is equal to the stiffness of the homogenized cross-section.
The real cross-section parameters of ACSR conductor are: R i (mm) is the pitch circle, d i (mm) is the wire diameter, ϕ i (
• ) is the angle of circumferential position of the wire, z i (mm) and y i (mm) are the distances of the wire from the centre of the conductor cross-section. These distances of each wire can be calculated as follows [13] 
Then the quadratic moment of the i th wire cross-sectional area A i = πd 
The polar moment of the wire cross-sectional area to origin of the coordinate system x, y is [13]
The maximal elasticity modulus for lateral and transversal bending can be calculated by equations [13, 14] 
The maximal elasticity modulus represents the case, when all the wires are fixed together (egafter several years of lifetime). The minimal elasticity modulus for lateral and transversal bending can be calculated by equations [13, 14] 
where n Fe is the number of steel wires and n Al is the number of aluminium wires. The minimal elasticity modulus represents the case, when wires can slide over each other. In practice the effective elasticity modulus for lateral and transversal bending is assumed as average value of maximal and minimal elasticity moduli [14] 
We assume also, that the effective Poisson's ratio is equal to [13] 
where ν i is the Poisson's ratio of i th wire. The effective mass density for axial beam vibration is [13] 
Where ρ i (kg m −3 ) is the material density of each wire and k i (%) is the each material weight increment due to stranding.
ICING AND ICE SHEDDING FROM POWER LINES
Accumulating of ice on overhead conductors is a very frequently problem for transmission systems situated in cold regions. Icing can also cause mechanical damage of the power line systems because the tension in conductors can increase to the limits.
In practice, the designers of power line transmission systems calculate the tension in conductors using a state equation [15] into which the design icing loads for the area to which the designed power transmission system is proposed (Tab. 1) has to be included. At first, the reference icing load I R (Nm −1 ) to unit length of the conductor with the diameter d (mm) is calculated using the equation shown in Tab. 1. The nominal design icing load I D is calculated using the formula [14] I
where K h is the height factor of the icing load, γ I is the partial icing load factor [14] . In the calculations of the mechanical stresses the weather load factor z (include icing) is needed which is calculated using equation [14] 
where q 1 (Nm −1 ) is the gravity load of conductor [14] . In Slovakia in practice calculations, the main used icing area is N2, so in simulations of ice-shedding the icing load is calculated for this case.
When the ice formed on the conductor drops off under weather conditions (temperature, wind) or man-made shocks it can cause ice-shedding [1, 14] (Fig. 3) .
The ice-shedding can cause vibrations with high amplitudes and high forces in conductors (high forces at points of attachment). That is the reason why the maximal conductor jump and tensions are needed to determine. The analytical solution is available only for simple (symmetric) models [14, 16] . For evaluation of these problems the numerical simulations using the nonlinear analyses are needed.
Ice-shedding is a nonlinear dynamic process, so an implicit method with Newmark time integration scheme is used. Equilibrium equations with the time steps t + ∆t are in the following form [17] [18] [19] ,
where M , C and K is the mass matrix, the damping matrix and the stiffness matrix, respectively. Again,Ü is the acceleration,U is the velocity, U is the displacement vector and F is the external loads vector. The damping of mechanical systems can be described using Rayleigh's formulae of material damping. The damping matrix is calculated from the equation
where α and β are constants, and they are calculated from the damping ratio [17] [18] [19] .
NUMERICAL EXPERIMENTS
Transient analyses of the single and triple-bundle conductors according to Fig. 4 have been considered.
The length of the span is L = 300 m and the height difference between the points of attachment is h = 10 m. The maximal deflection of the power line [14, 16] is y A = 3.557 m and the axial force is N B = 25.975 kN (for simplicity, a constant maximal value for the whole line length was assumed).
The modelled symmetric conductor ACSR 445/74 [21] which is constructed from 3+9 steel and 11+17 aluminum wires (see Fig. 5 ) has been considered. The diameter of the aluminum wires is d Al = 4.5 mm and the diameter of the steel wires is d Fe = 2.8 mm. The effective crosssections of the conductor parts are: A Fe = 73.89 mm 2 , A Al = 445.32 mm 2 and the effective cross-sectional area of the power line is A = 519.21 mm 2 . Material properties of the used materials are [22, 23] : aluminum -the elasticity modulus E Al = 69000 MPa, the Poisson's ratio, ν Al = 0.33 , the mass density ρ Al = 2703 kgm −3 ; steel -the elasticity modulus E Fe = 207000 MPa, the Poisson's ratio ν Fe = 0.28 , the mass density ρ Fe = 7780 kgm The effective material properties of the used conductor are
These calculated effective material properties have been used in the transient analysis of the single and triplebundle overhead power lines. Transient analyses of the ice-shedding of the single conductor have been done with a mesh 1200 of BEAM188 elements of the FEM program ANSYS [19] . For triple-bundle conductor with spacer dampers the analysis of ice-shedding have been done with a mesh 3645 of BEAM188 elements. Triple-bundle conductors are connected with five spacer dampers distributed along the line in 50 meters distance.
As expected, with icing on power lines the axial force in conductors and the deflection increases. Tab. 2 summarizes the maximal axial forces in the single and triplebundle conductors with icing, the changes of the deflection of the single and triple-bundle conductors, respectively.
As we can see in Tab. 2, there are small differences between the results of axial forces and changes in deflection in single and triple-bundle power lines. The differences are caused by spacer dampers placed on the conductors.
After the ice-shedding the conductor swings up and the jump heights y sh (m) are different for every range of the icing on the conductors in span. The results of swing up heights of single and triple-bundle conductors with the maximal swing up times are shown in Tab. 3. In the case of asymmetrical position of icing (0-150 m and 0-100 m) the place of maximal deflection is observed (point X in Fig. 4) .
As shown in Tab. 3, there small differences between the results of swing up height and the time of maximal swing up for single and triple-bundle conductors occur. The differences are caused by a different geometry and stiffness of the whole system.
After the ice-shedding the conductor will perform oscillating motion. This dynamic phenomenon is damped by the own damping of the power line and the damping of the environment. The used constants α (s −1 ) and β (s) for the Rayleigh's damping are calculated from the damping ratio used in [17] [18] [19] . Time dependency of the single power line move after the ice-shedding for different range of ice-shedding is shown in Fig. 6 . Time dependency of axial forces and mechanical stresses at the point of attachment (point B) for triple-bundle conductors are shown in Figs. 7 and 8 . The distribution of the axial forces in overhead triple-bundle conductor after the first bounce for the case of ice-shedding 25-275 m is shown in Fig. 9 . The maximum is marked by the red color and symbol MX. sented. The unsymmetric span (different height of the points of attachment) of the symmetric conductor marked as ACSR 445/74 -3+9 steel and 11+17 aluminum wires has been considered. From the evaluation of all simulations of the conductor swing up after ice-shedding the following conclusions can be deduced:
The position of the icing on the power line has an significant impact to the swing up height, time of the maximal swing up.
The axial forces in the power lines increases very much when there is an icing in the whole range of the span. The position of the icing has an significant impact to the sag of the power line too.
In the case of triple-bundle power line, the upper conductors are highly stressed due to the applied spacer dampers, which represents concentrated forces to the points of attachment.
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